Abstract Potentially toxic elements (PTEs) including nickel and chromium are often present in soils overlying basalt at concentrations above regulatory guidance values due to the presence of these elements in underlying geology. Oral bioaccessibility testing allows the risk posed by PTEs to human health to be assessed; however, bioaccessibility is controlled by factors including mineralogy, particle size, solidphase speciation and encapsulation. X-ray diffraction was used to characterise the mineralogy of 12 soil samples overlying Palaeogene basalt lavas in Northern Ireland, and non-specific sequential extraction coupled with chemometric analysis was used to determine the distribution of elements amongst soil components in 3 of these samples. The data obtained were related to total concentration and oral bioaccessible concentration to determine whether a relationship exists between the overall concentrations of PTEs, their bioaccessibility and the soils mineralogy and geochemistry. Gastric phase bioaccessible fraction (BAF %) ranged from 0.4 to 5.4 % for chromium in soils overlying basalt and bioaccessible and total chromium concentrations are positively correlated. In contrast, the range of gastric phase BAF for nickel was greater (1.4-43.8 %), while no significant correlation was observed between bioaccessible and total nickel concentrations. However, nickel BAF was inversely correlated with total concentration. Solid-phase fractionation information showed that bioaccessible nickel was associated with calcium carbonate, aluminium oxide, iron oxide and clay-related components, while bioaccessible chromium was associated with clay-related components. This suggests that weathering significantly affects nickel bioaccessibility, but does not have the same effect on the bioaccessibility of chromium.
Introduction
Geochemical studies have reported elevated levels of potentially toxic elements (PTEs) in soils from both urban (Cicchella et al. 2005; Rodrigues et al. 2006; Okorie et al. 2011; Dao et al. 2012 ) and rural areas (Salminen et al. 2005; Cicchella et al. 2005; Barsby et al. 2012) . These elevated PTE levels have been found to be due to geogenic (Wragg 2005) and anthropogenic (Dao et al. 2012 ) sources of contamination or a combination of both (Facchinelli et al. 2001; Zhang et al. 2008; Rodrigues et al. 2006; Mostert et al. 2012) . Elevated nickel (Ni) and chromium (Cr) from geogenic sources have been identified worldwide (Quantin et al. 2008; Megremi 2010; Kierczak et al. 2007; Johnson et al. 2012; Barsby et al. 2012) . Chronic exposure to Ni is known to cause lung fibrosis, cardiovascular and kidney diseases, and cancer (Denkhaus and Salnikow 2002) . Human health effects due to exposure to Cr depend on the speciation of Cr in the environment. In most natural soils, Cr is stable as either Cr VI or Cr III. Cr VI is generally regarded as being highly carcinogenic, while Cr III is less toxic, and some instances is beneficial to human health (Costa and Klein 2006) .
Most generic regulatory values for assessing risks from soil contamination to human health are based on the assumption that all the contaminants in the soil are readily taken up by the body. In the United Kingdom for example, the Environment Agency's Soil Guideline Values (SGVs) are developed based on this assumption (e.g. EA 2009a). However, in truth, only the bioavailable fraction of a contaminant is taken up by the body via the gastrointestinal tract, respiratory system and skin (Ruby et al. 1999) . Bioavailability of contaminants in soil is not easy to measure directly, and therefore, a number of in vitro bioaccessibility tests have been developed to measure the oral bioaccessibility of a contaminant (how much of the contaminant that will be released into solution in the gastrointestinal tract). In 2002, Oomen et al. assessed and compared 5 in vitro oral bioaccessibility testing methods. The Unified BARGE Method (UBM) ) was developed by the BARGE (Bioaccessibility Research Group of Europe) research group based on a method initially developed by Oomen et al. (2003) . The UBM method has been validated against in vivo studies for As, Pb and Cd (Denys et al. 2012) , and has been used for bioaccessibility studies of Cd, Pb and Zn (Pelfrêne et al. 2012) , Sb (Denys et al. 2009 ), Cr (Broadway et al. 2010) , As, Cd, Cr, Cu, Ni, Pb and Zn (Okorie et al. 2011) and As, Cd, Co, Cr, Cu, Ni, Pb, U, V and Zn (Barsby et al. 2012) .
Until recently, bioaccessibility studies have predominantly considered As and Pb. As a result, initial studies investigating the bioaccessibility of Cr were concerned mostly with soil contamination due to the use of chromated copper arsenate (CCA) (Stewart et al. 2003; Nico et al. 2006 ). More recently, as understanding of As and Pb has developed, attention has shifted to other inorganic contaminants, including Ni and Cr. Investigations of Ni and Cr bioaccessibility have mostly been concerned with point and diffuse contamination in urban areas (Hamel et al. 1998 (Cr and Ni) ; Hansen et al. 2007 (Ni) ; Madrid et al. 2008 (Cr and Ni); Poggio et al. 2009 (Cr and Ni) ; Broadway et al. 2010 (Cr) ; Okorie et al. 2011 (Cr and Ni) ). As a result, most of the studies listed have been principally concerned with the bioaccessibility of anthropogenic sources of contamination, and little attention has been paid to geogenic contamination. In 2012, Barsby et al. presented the first widespread investigation of bioaccessibility of inorganic elements from predominantly geogenic sources.
Bioaccessibility of contaminants in soil is controlled by aspects such as soil pH and organic matter content, mineralogy, particle size, solid-phase speciation and encapsulation (Ruby et al. 1999; Cave et al. 2011) . Therefore, guidance in the United Kingdom has recommended that bioaccessibility testing should be supported by other lines of evidence including geochemical data and information relating to soil mineralogy (CIEH 2009) . Although bioaccessibility studies have gathered relevant geochemical and mineralogical information for As contamination from both anthropogenic and geogenic sources (Meunier et al. 2010; Palumbo-Roe and Klinck 2007) , little attention has been given to characterising the geochemistry and mineralogy associated with geogenic Ni and Cr contamination to assess how these factors affect the oral bioaccessibility of Ni and Cr. Costa et al. (2011) investigated soil mineralogy associated with geogenic Ni and Cr contamination in Portugal and recommended that further bioaccessibility testing was required to fully characterise risks to human health.
The Tellus survey of trace metal concentrations in shallow soils in Northern Ireland (Smyth 2007) revealed elevated Ni and Cr concentrations across a significant area of the Antrim Plateau (Barsby et al. 2012) . These levels exceeded the current UK soil guidelines values (SGVs) for Ni in soils with a residential or allotment end use (EA 2009b) and the LQM/CIEH Generic Assessment Criteria for Cr VI in soils with a residential, allotment or commercial end use (Nathanail et al. 2009 ). On the basis of total concentration, these elevated Ni and Cr concentrations would therefore raise a cause for concern during human health risk assessment for the redevelopment of these areas as residential, allotment or commercial land uses. However, bioaccessibility testing undertaken by Barsby et al. (2012) indicated that these contaminants are not readily bioaccessible and therefore risks to human health are reduced. A greater understanding of both the mineral and chemical forms of Ni and Cr present in the soils overlying the Antrim Lava Group would facilitate more informed decisionmaking during contaminated land risk assessments in Northern Ireland and refine the assessment of risks posed by elevated geogenic Ni and Cr in soils worldwide.
The objectives of this study are therefore to: (1) investigate spatial trends in Ni and Cr oral bioaccessibility within the Antrim Lava Group and extend the correlation analyses of geochemical parameters undertaken by Palmer et al. (2013) to include Cr, (2) characterise the mineralogy of 12 soil samples collected from soils overlying the Antrim Lava Group during the GSNI Tellus Survey, using X-ray Diffraction, (3) determine the distribution of trace elements amongst soil components of the finer soil fractions (\250 um) in 3 soils using non-specific sequential extraction and chemometric analysis as described in Cave et al. (2004) , and (4) relate the data obtained to the results of oral bioaccessibility testing undertaken by Barsby et al. (2012) to determine whether a relationship exists between the total concentrations of trace metals, their bioaccessibility and the soil's mineralogy and geochemistry.
Materials and methods

Study area
The Antrim Lava Group extends over an area of 4,009 km 2 (Cruickshank 1997) (Fig. 1) . Lyle (1979) concluded that volcanic activity that formed the basalts occurred in two cycles about 60 million years ago. The first cycle formed the LBF, with magma fractionation leading to the formation of the Middle Basalts at the top of this succession, while the second cycle lead to the formation of the UBF. Basalts from the LBF and UBF are olivine tholeiites, while the CTM are quartz tholeiites (Lyle 1979) .
Collection, preparation and soil analyses
The Tellus survey consisted of a geochemical and geophysical survey of Northern Ireland. As part of the geochemical survey, surface soil samples were recovered every 2 km 2 across Northern Ireland and analysed for a range of elements and major oxides (including Ni, Cr, Al 2 O 3 , CaO, Fe 2 O 3 , MgO, MnO, P 2 O 5 , SiO 2 and SO 3 ) using X-ray fluorescence (XRFS) as well as pH and soil organic carbon (SOC) (measured by loss on ignition (LOI)) (Smyth 2007) . In total, 91 of the Tellus samples were randomly selected, as described in Barsby et al. (2012) for oral bioaccessibility testing using the Unified BARGE Method (UBM) Denys et al. 2012) . Of these 91 samples, 23 overlie the Palaeogene basalt lavas of the Antrim Lava Group. Both the actual bioaccessibility of PTEs (mg kg -1 ) and the bioaccessible fraction (BAF) for each contaminant were used in this study. BAF is the ratio of bioaccessible concentration from the UBM test and total concentration (by XRFS) from the Tellus survey, reported as a percentage. In human health risk assessments, a conservative approach is often adopted and therefore BAF is reported as the highest bioaccessible concentration from either the gastric or gastrointestinal phase. To allow discussion of both the BAF as measured in the gastric and gastrointestinal phase, both BAFs have been calculated and are presented in this paper. Details of quality control procedures employed for XRFS, pH and LOI analyses undertaken during the Tellus survey are presented in Smyth (2007) , and the study by Barsby et al. (2012) provides full details of the use of reference materials, duplicates and blanks for UBM testing. Environ Geochem Health (2013) 35:553-567 555 X-ray powder diffraction analysis (XRD) of bulk soil was carried out using PANalytical X'Pert (MPD) diffractometer with a CuKa radiation, on 12 of the Barsby et al. (2012) samples. These samples were described as basaltic soils (Jordan and Higgins 2009) and overlie the Upper and Lower Basalts and Causeway Tholeiite member formations on the 1:250 k Solid Geology map of Northern Ireland (GSNI 1997) . Samples were finely ground using a pestle and mortar and were run from 3°to 55°2h at a stepsize of 0.02°2h min -1 . Diffraction data were analysed using X'Pert High Score Plus software.
Chemometric identification of substrates and element distributions (CISED)
A non-specific sequential nitric acid extraction described in Cave et al. (2004) was carried out on three selected basalt soil samples shown in Fig. 1 . Samples of 4 g of dried and sieved soil (\250 lm) were placed in 40-mL polypropylene centrifuge tubes. Seven extractions were carried out twice on each soil sample yielding 14 leachates per soil. The first extraction was undertaken using 20 mL of ultrapure deionised water. Subsequent extractions were carried out using 20 mL of nitric acid solution of increasing strength (0.01, 0.05, 0.1, 0.5, 1 and 5 M). The soil and extractant were shaken in an end-to-end shaker for 10 min prior to being centrifuged in a Sigma Centrifuge at 1039 RCF (relative centrifugal force) for 4 min. Extracted leachates were decanted, filtered using Minisart 0.2 lm filters and refrigerated in 10-mL PerkinElmer Inductively Coupled Plasma (ICP) tubes at 4°C prior to analysis.
Leachates from CISED extractions were analysed by inductively coupled plasma optical emission spectrometry (ICP-OES) for Al, Ba, Ca, Cr, Cu, Fe, Mg, Mn, Ni, P, Pb, S, Si, Ti, V, Zn, Na, K using a PerkinElmer 4300DV Optical Emission Spectrometer with PerkinElmer AS93Plus Autosampler and PerkinElmer Winlab32. About 1.4 kW forward power was applied and argon was used as both the coolant gas and auxiliary gas, at a flow rate of 15 and 0.2 L min -1 , respectively. Argon was also used in the nebulizer at a flow rate of 0.75 mL min -1 , and indium was used as an internal standard. Calibration was undertaken using multi-element certified standards obtained from Inorganic Ventures and supplied by JVA Analytical Limited for all elements analysed. Certified standards of 1,000 ppm were used to make standard solutions of 0.01, 0.1, 1 and 10 ppm, which were used for calibration. Blanks and quality control standards were run before and after the sample set. No duplicates were run, as the concentrations were an average of three analyses. A standard solution was run every 6 samples to check for calibration drift. All leachates were diluted by at least a factor of 10.
Chemometric processing of multi-element data from the extract analysis was undertaken using the method described in Cave et al. (2004) . Selection of the number of components was carried out using the closely linked Akaike information criterion (AIC) and the Bayesian information criterion (BIC), as outlined in Wragg and Cave (2012) . Samples were collected from geochemically similar areas (basalt soils overlying basalt geology), and therefore, in order to categorise the identified components into common sets of physico-chemical groupings (clusters), the composition (%) and profile concentration (mg kg -1 ) data for each soil were subjected to cluster analysis in Matlab Ò as described by Wragg (2005) . The outputs of the major element (Al, Ba, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Pb, S, Si, Ti, V and Zn) compositions of components and the proportion of each identified component leached from the CISED extraction and resulting mixture resolution algorithm were combined to form an input data matrix (component data matrix) for cluster analysis. The component data matrix was then mean centred and scaled on each variable so that all variables contributed the same weighting to the clustering procedure, before being subjected to a hierarchical clustering procedure to identify groupings/clusters. The final partitioning was determined by visualising the data matrix of components versus extraction profile and major element composition as a colourmap ordered into clustergram groupings. This allowed visualisation of the factors showing which major elements were dominant and where in the extractogram the component was removed, providing a means to relate clusters to geochemical sources and therefore cut the tree at a level which produced geochemically meaningful clusters.
Spatial mapping and statistical analysis
Geostatistical techniques comprising variography and kriging were used to analyse and map the spatial distribution of Ni and Cr (mg kg -1
). Details of geostatistical analysis, adopted in this study, involving estimation of the variogram, fitting a model to this and use of the variogram model coefficients for spatial prediction (kriging) are provided in Barsby et al. (2012) . Gstat (Pebesma and Wesseling 1998; Pebesma 2004) , an open source program for multivariate geostatistical modelling, was used to estimate variograms for the geochemical elements. Following production of the variograms using Gstat, the coefficients of the modelled variograms were used for kriging, conducted using the geostatistical functionality of ArcGIS version 10. Ordinary kriging (OK), which allows the mean of the measurements to vary spatially (Deutsch and Journel 1998) , was used in this study. Exploratory data analysis, including compilation of summary statistics, and correlation analyses were carried out using IBM SPSS Statistics version 19.0 software.
Results and discussion
Distribution of soil organic matter (SOC) and pH
The median pH determined during the Tellus survey for soils across Northern Ireland was 4.82. The median pH of soils overlying basalt bedrock was slightly higher at 4.91, with soils overlying the UBF having a lower median pH (4.87) than the LBF and CTM (4.95 and 4.85, respectively). This reflects the greater proportion of soils with lower pH that overlie the UBF (Table S1 in the supporting information). The median SOC for soils across Northern Ireland was 12.92 %, which is significantly lower than the median SOC for soils overlying basalts (17.69 %). The median SOC in soils overlying the UBF (18.79 %) is slightly greater than both the LBF (17.30 %) and CTM (17.74 %), this time reflecting a greater proportion of soils with higher SOC overlying the UBF (Table S1 , supporting information). Median values of pH and SOC in the subsample studied by Barsby et al. (2012) are similar to the overall Tellus dataset (Tables S1 and  S2 , supporting information), in all cases except the UBF, where median SOC is greater and median pH is less in the Barsby et al. (2012) samples. This may be due to the fact that a significant proportion ([30 %) of the Barsby et al. (2012) sample locations overlying the UBF were identified as having peat as their soil parent material (Jordan and Higgins 2009) or had peat as the superficial geology on the 1:250 k Quaternary map of Northern Ireland (GSNI 1991).
Total and bioaccessible trace element concentrations for soils overlying Antrim Lava Group
Spatial distribution and summary statistics Figure 1a shows the spatial distribution of total Ni concentrations determined during the Tellus survey. Table S2 in the supporting information summarises the Ni statistics for the full datasets, for samples which overlie basalt lithologies and samples which overlie the Upper and Lower Basalt Formations (UBF and LBF) and Causeway Tholeiite Member (CTM) on the 1:250 k Solid Geology map of Northern Ireland (GSNI 1997). Table S2 shows that, for the whole Tellus dataset, Ni concentrations are higher in samples overlying basalt lithologies than for the remainder of Northern Ireland, with median concentrations in the UBF and LBF being 3-4 times higher than those reported for the whole of Northern Ireland. The LBF has median total Ni concentrations that are slightly greater than the UBF (approximately 20 %). The highest Ni concentration recorded in the Tellus Survey (334 mg kg -1 ) was reported for the LBF. In comparison, total median Ni concentrations in the CTM are 2 times greater than those reported for the rest of Northern Ireland. Lyle (1979) reported that olivine-rich basalts (mostly the UBF and LBF) contained high concentrations of Ni, as Ni is preferentially absorbed by olivine instead of Mg, while the CTM contained less olivine and therefore had less Ni associated with them. Indeed, Barrat and Nesbitt (1996) used Ni as an index of fractionation in Antrim Basalts due to their strong relationship. A similar trend is observed for total Cr concentrations ( Fig. 1c and Table  S3 , supporting information), which are generally about 3-4 times greater than total Ni concentrations, as also observed by Barrat and Nesbitt (1996) . Total median Ni and Cr concentrations for the subset of samples studied by Barsby et al. (2012) are similar to those for the complete Northern Ireland Tellus dataset. However, when samples are divided into lithology or geological formation, although the same basic trends are observed as was seen with the whole Tellus dataset (i.e. concentrations are greatest in the LBF and least in the CTM), the absolute values are less in the Barsby et al. (2012) dataset. This suggests that the Barsby et al. (2012) dataset contains a smaller proportion of samples of higher concentration, which is apparent in the box plots presented in Barsby et al. (2012) .
As observed by Barsby et al. (2012) , bioaccessible Ni and Cr were generally greater in extracts from the gastric phase than in the gastrointestinal phase, with bioaccessible Ni being 1-2 times higher than bioaccessible Cr, despite higher total Cr concentrations. This is in contrast to the higher gastrointestinal phase bioaccessibility observed by Okorie et al. (2011) for Ni and Cr in urban samples, perhaps suggesting an anthropogenic source in the Okorie et al. (2011) samples (Ljung et al. 2007 ). Samples overlying the LBF contained the greatest amount of bioaccessible Ni, with a mean concentration (gastric phase) of 6.17 mg kg -1 (compared to an NI mean of 4.58 mg kg ). The Ni and Cr bioaccessible fraction (BAF) was again greater in the gastric phase than in the gastrointestinal phase, with Ni and Cr BAF values not varying significantly across lithology or geological formation. Ni BAFs were up to 8 times greater than Cr BAF. Table 1 shows the Pearson's correlation coefficients (r) for total Ni, total Cr, bioaccessible Ni (G and GI), bioaccessible Cr (G and GI) and Cr BAF (G and GI) correlated with total Ni, total Cr, Al 2 O 3 , CaO, Fe 2 O 3 , MgO, MnO, P 2 O 5 , SiO 2 , SO 3 , SOC and pH for all bioaccessibility samples recovered from soils overlying the Antrim Lava Group (N = 23). Pearson's correlation coefficients for correlations of Ni BAF (G and GI) and all elements/compounds except total Cr are taken from Palmer et al. (2013) .
Correlations
As indicated by their spatial distributions, total Ni and Cr are strongly correlated within the basalts (r = 0.946), as would be expected given their co-occurrence in the basalts (Barrat and Nesbitt 1996) . Total Ni and total Cr Lyle (1979) , which can be associated with olivine fractionation in the underlying bedrock, with greater olivine fractionation resulting in less Ni. Lyle (1979) also reported a negative correlation between MgO and SiO 2 in the basalt, as greater olivine fractionation was associated with increased quartz content, particularly in the CTM, which explains the lack of correlation between SiO 2 and total Ni and Cr. Bioaccessible Cr (gastric phase) shows a similar pattern of significant (p \ 0.01) positive correlations with total Cr, total Ni and Fe 2 O 3 (accounting for approximately 75, 65 and 57 % of variance each), and to a lesser extent MgO, MnO, Al 2 O 3 , CaO and P 2 O 5 . Bioaccessible Cr from the gastrointestinal phase also shows significant (p \ 0.01) positive correlations with total Cr, total Ni and Fe 2 O 3 , but each of these account for less than 43 % of variability, and is also positively correlated to a lesser extent with MgO. In contrast, Cr BAF from either the gastric or gastrointestinal phase is not strongly correlated with total Ni, any of the major oxides, pH or SOC, indicating that Cr BAF, in both the gastric and gastrointestinal phases, is independent of these factors.
As both total and gastric phase bioaccessible Cr are correlated with the same oxides (Fe 2 O 3 and MgO), both total and gastric phase bioaccessible Cr are present either in these oxides or phases closely associated with them. This combined with the fact that gastric phase BAF for these samples is less than 5 % indicates that Cr is not present in significant amounts in phases with high bioaccessibility that would dominate the bioaccessible fraction. Instead, the majority of gastric phase bioaccessible Cr appears to be derived from the oxide phases which contribute to the total Cr in the sample; however, these oxide phases have low gastric phase bioaccessibility (less than 5 %).
In contrast to the similar behaviour of total Ni and Cr and bioaccessible Cr, bioaccessible Ni shows very different correlations. Bioaccessible Ni in extracts from the gastric phase is not strongly correlated with total Ni, any of the major oxides, pH or SOC, while bioaccessible Ni from the gastrointestinal phase only shows significant positive correlations with Al 2 O 3 and pH. However, Ni BAF for the gastric phase shows significant (p \ 0.01) negative correlation with Al 2 O 3 (r = -0.826), Fe 2 O 3 (r = -0.718) and MgO (r = -0.712), and to a lesser extent pH, MnO, total Cr, total Ni, CaO and P 2 O 5 and SiO 2 and significant (p \ 0.01) positive correlations with SO 3 and SOC. Ni BAF for the gastrointestinal phase shows many of the same negative correlations (except pH and SiO), but is not significantly correlated (p \ 0.01) with SO 3 or SOC. The strong positive correlations with SO 3 and SOC suggest that gastric phase Ni BAF is strongly controlled by the presence of peaty soils as observed by Palmer et al. (2013) , but that peat does not provide such a significant control for the gastrointestinal phase Ni BAF. This was confirmed when soil parent material (Jordan and Higgins 2009 ) was examined. Only 3 of the samples tested for bioaccessibility were identified as having peat as the soil parent material (Jordan and Higgins 2009) , and these three samples had the highest gastric phase Ni BAF (all greater than 30 %).
To determine whether other controls on gastric phase Ni BAF were present, correlations were rerun with the three peat samples identified above removed. On removal of these samples, Ni BAF for the gastric phase again showed significant (p \ 0.01) negative correlations with Fe 2 O 3 (r = -0.665), MnO (r = -0.634), MgO (r = -0.624) and Al 2 O 3 (r = -0.565) but was not significantly correlated with pH, P 2 O 5 , SiO 2 , SO 3 or SOC. This is a similar pattern to that observed for gastrointestinal phase Ni BAF. The strong negative correlations of Ni BAF with Fe 2 O 3 , MnO, MgO and Al 2 O 3 combined with their positive correlation to total Ni and Cr suggest that the majority of total Ni is present in the oxides or other closely related phases, but these phases have low gastric phase bioaccessibility. However, some Ni is hosted in other more soluble phases, which are more bioaccessible. In soil samples where there are high oxide contents, most of the Ni is in the oxide phases, giving a low BAF. However, in samples with lower oxide contents, the other more bioaccessible phases dominate gastric phase bioaccessibility giving a higher BAF. This suggests that as well as gastric phase bioaccessible Ni being associated with peaty soils, bioaccessible Ni for both the gastric and gastrointestinal phase is present in other specific mineral phases associated with lower Fe 2 O 3 , MnO, MgO and Al 2 O 3 concentrations, which have a lower total Ni concentrations, but a much higher Ni BAF.
Mineralogical evaluation of samples
Bulk XRD analysis was undertaken on a subset of 12 samples that were identified as having basalt as their soil parent material (Jordan and Higgins 2009 ) to try to remove the effect of peaty soils on the analysis. XRD analysis showed that all samples were composed of quartz and plagioclase and alkali feldspars, with augite, hematite and smectite also detected in all samples. Mica and clinochlore were identified in 8 of the samples, but there was no obvious correlation between samples that contained mica and clinochlore and total or bioaccessible Ni or Cr. This suggests that total and bioaccessible Ni and Cr are either influenced by Ni-and Cr-bearing minerals that are present at concentrations that were too low to be identified by conventional XRD, are controlled by non-crystalline minerals that were not identified by the bulk XRD undertaken, or that they are present in the minerals identified by the XRD analysis (such as feldspar or pyroxene), but as these minerals are present in all samples, quantification is required to demonstrate their control on total and bioaccessible Ni and Cr. Olivine was not identified by XRD in any of the samples, probably because it weathers readily to clays (Nesbitt and Wilson 1992; Cruickshank 1997) .
These findings are consistent with soils derived from weathered basalt. Lyle (1979) reported that the Upper and Lower Basalt Formations are comprised of olivine basalt composed predominately of plagioclase feldspars containing olivine phenocrysts and augite, while the Causeway Tholeiite Members are quartz tholeiites containing augite most abundantly, with plagioclase feldspars and small amounts on olivine and chloritic material.
All 12 samples showed similar XRD traces except for one sample which has the highest Ni BAF (22.5 %) and a low total Ni soil concentration (36 mg kg -1 ). The XRD scan for this sample showed a hump between 2 theta angle of 20 and 22, which was not present on scans for other samples. The pH of this sample was the lowest amongst the 12 samples (3.54 pH units) and it had the highest SOC value of 79.4 %. These factors suggest this sample was in fact a peat.
Interpretation of sequential extraction data
Chemometric data analysis identified 6 components in sample A, 5 components in sample B and 7 components in sample C (see Fig. 1 for sample locations) . Following hierarchical cluster analysis of mean centred and scaled data, 6 geochemically distinct clusters were identified as shown in the dendrogram and associated colourmap in Fig. 2 . These clusters were identified as described by Wragg and Cave (2012) by considering the geochemical and mineralogical information already discussed and:
• The relative solubility of each component in the acid extracts (as illustrated on the right-hand side of the colourmap) • The major elemental composition (reported here as the median concentration) of each component (left-hand side of colourmap), combined with ease of extractability
Residual pore water, possibly containing organics
This cluster is predominantly composed of Na, Ca, K and S and was mostly removed by the two water extractions, with a small amount extracted at higher acid concentrations (above 0.5 M HNO 3 ). The ease of removal suggests it is associated with dissolution of residual salts from the original pore water in the soil (Cave et al. 2004 ); however, the small amount of this component extracted at higher acid concentrations may indicate that some organics are present, as humic acid type materials are oxidized and broken down at higher acid concentrations, releasing inorganics into solution (Cave et al. 2004 ).
Ca carbonate
Two clusters were assigned as Ca carbonate. Ca concentrations were very high in Ca carbonate cluster 1 ([85 %) and which was extracted between 0.05 and 0.1 M HNO 3 . Ca concentrations are also high in Ca carbonate cluster 2 (70 % for all components, except A-Ca-Mn which has a Ca concentration of 51 % and a Mn concentration of 33 %), which was extracted by the addition of a weak acid (0.05 M HNO 3 ). High Ca concentrations combined with removal on the addition of relatively weak acid suggest that these clusters are associated with the dissolution of a calcium carbonate phase (Wragg 2005; Wragg and Cave 2012) . Although calcium carbonate was not identified in the XRD analysis (suggesting that any carbonates present in the samples are in amorphous form), both plagioclase feldspars and pyroxenes (augite), which weather to Ca carbonate (Nesbitt and Wilson 1992) , are known to be present in the underlying bedrock (Lyle 1979) and were identified in all samples in the XRD analysis.
Al oxide
These Al-dominated components (c. 80 % for A-Al and B-Al and c.30 % for C-Al-Mg) are extracted with acid concentrations of between 0.05 and 0.5 M and have been identified as an aluminium oxide. Al oxide is a weathering product of silicate minerals, including feldspars which were identified by XRD analysis, and gibbsite is known to be present in high concentrations in the weathered Interbasaltic Formation (Mitchell 2004) , present between the LBF and UBF.
Clay-related cluster
All these components have relatively high proportions of Al (35-65 %) and Fe (15-65 %), as well as Si (10-15 %) and were extracted at moderate to high acid concentrations (0.1-5 M). Relatively high concentrations of trace metals including Cu and Pb were contained in these components. The high acid strength for extraction, combined with predominance of Fe, Al and Si, and the presence of trace elements suggest components in this cluster are likely to be derived from clay-like materials (Wragg 2005) . Clays including smectite were identified during mineralogical analyses by XRD. to 5 M HNO 3 . C-Fe-Mg-Si shows a slightly different profile, with some of the component extracted at lower acid concentrations, while C-Fe-Al is extracted at a slightly higher acid concentration. The dominance of Fe and high acid strengths required to extract these components has led to their identification as a Fe oxide, and this correlates with the identification of hematite in all samples by XRD. The presence of Al and Si in all components apart from C-Fe-Al suggests that the Fe oxide is perhaps intergrown with clays, as observed by Cave et al. (2004) . Component C-Fe-Al was extracted at slightly higher acids concentrations (5 M HNO 3 ) suggesting a purer oxide with less fine grains (Wragg 2005) .
Relation of mineralogy and CISED to bioaccessibility
In all three CISED samples, gastric phase bioaccessibility was greater than gastrointestinal phase bioaccessibility for both Ni and Cr. Total Ni concentrations were lowest in sample C (122 mg kg -1 ) and highest in samples A and B (175 and 167 mg kg -1 , respectively), while gastric phase bioaccessibility was greatest in sample C (8.84 mg kg -1 ; 7.27 % BAF) and lowest in samples A and B (4.34 and 3.39 mg kg -1 , respectively; 2.0-2.5 % BAF). Therefore, although there is more total Ni present in samples A and B, this is in a less mobile form than the Ni present in sample C. In contrast, Cr gastric BAF was consistently between 1 and 2 %, with sample A having the highest total Cr concentration (448 mg kg -1 ) and sample C having the lowest total Cr concentration (293 mg kg -1
). Median cumulative Ni and Cr extracted during the CISED extractions, ordered by the ease of extraction for the five cluster types, are shown in Fig. 3 . Element distribution observed for the two identified carbonate clusters has been summed as one single carbonate phase for the purposes of visualisation. Nickel and Cr gastric phase bioaccessibility for all three soils is also shown. This information provides an indication of the solid-phase source fractions of bioaccessible and non-bioaccessible contaminants of interest . For the three samples investigated, CISED extraction removed more Ni and Cr from the soils than the UBM, which is to be expected given the higher acid strengths used in the CISED extraction. However, less than 15 % of total Ni and Cr were extracted by the CISED method, suggesting that the majority of these elements are present in the less reactive alumino-silicate soil matrix as the silicate matrix is unlikely to be attacked by HNO 3 used in the CISED extraction (Cave et al. 2004; Ruby et al. 1999) . The primary minerals such as quartz, feldspar and pyroxene (augite) were all identified in the XRD study and would be resistant to attack by HNO 3 . Pyroxene is known to host both Ni and Cr (Wedephol 1978) . Utilisation of aqua regia has recently been shown to return 100 % recovery of Ni in similar extractions and should be considered for further studies of Ni. However, more concentrated acid strengths were needed to extract Ni in the Wragg and Cave (2012) study, which suggests that the additional Ni-bearing phases extracted by aqua regia were not readily bioaccessible. Figure 3 shows that gastric phase Ni bioaccessibility tends to increase with decreasing total Ni, while gastric phase Cr bioaccessibility decreases with decreasing total Cr. Figure 3 also indicates that the source of bioaccessible Cr is likely to be from the dissolution of this PTE associated with the clusters identified as residual pore water salts, carbonates, aluminium oxides and clays, with clays contributing the greatest proportion of bioaccessible Cr (greater than 85 %). For Ni, it appears that the same soil components are the sources of the bioaccessible fraction of this PTE, in addition to some dissolution from the identified Fe oxide/ hydroxide component present. However, carbonate and aluminium oxide components contribute greater amounts of bioaccessible Ni (35-55 %) than Cr (less than 10 %). The Ni distribution for Sample C is noticeably different from Samples A and B, with a greater contribution of Ni coming from carbonate and clay components. This appears to cause the higher bioaccessibility observed for this sample and supports the findings of the correlation analysis that in samples with lower total Ni concentrations, more soluble phases which contain a small proportion of total Ni dominate gastric phase bioaccessibility giving a higher BAF than is observed in samples with higher total Ni concentrations.
In their study of basalt weathering, Nesbitt and Wilson (1992) also found that Cr was predominantly present in primary Fe-Ti oxides, which are known to be the most resistant primary minerals during weathering of basalts; however, once released from these primary phases, Cr became incorporated in clay and Al oxide. In contrast, they found that Ni was present in greatest amounts in olivine, which weathers rapidly, with some Ni leaching down through the soil horizons and remaining Ni being taken up by smectite and Fe oxyhydroxide. Quantin et al. (2008) and Kierczak et al. (2007) also found that Cr was less mobile than Ni in soils overlying ultramafic rocks, when studying the PTEs' bioavailability for plant uptake. Both authors concluded that Cr was tightly bound to recalcitrant primary Fe oxides and Quantin et al. (2008) concluded that Ni was transferred more readily to secondary minerals during weathering.
Conclusions
This study investigated spatial trends in Ni and Cr oral bioaccessibility within the Antrim Lava Group using the bioaccessibility dataset produced by Barsby et al. (2012) and extended correlation analyses undertaken by Palmer et al. (2013) between total and bioaccessible Ni and major oxides to include total and bioaccessible Cr to identify principal controls on trace element bioaccessibility. Data from mineralogical testing of 12 selected soil samples using XRD and non-specific sequential extraction and chemometric analysis on 3 of these samples were also related to the results of oral bioaccessibility to determine whether a relationship exists between the overall concentrations of trace elements, the soil's mineralogy and their bioaccessibility.
XRD analysis showed that soils overlying the basalts were composed predominantly of quartz, with plagioclase and alkali feldspars and smaller amounts of augite, hematite and smectite, while chemometric data analysis identified 6 geochemically distinct clusters of components within the soils: residual pore water, Ca carbonate, Al oxide, a clay-related cluster and Fe oxide.
Nickel and Cr concentrations are higher in samples overlying basalt lithologies than for the remainder of Northern Ireland, with Ni concentrations in the UBF and LBF being 3-4 times higher those reported for the whole of Northern Ireland. The LBF has total concentrations that are slightly greater than the UBF, while total concentrations in the Causeway Tholeiite Member are only slightly elevated compared to the rest of Northern Ireland. However, not all Ni and Cr in soils overlying the Antrim Lava Group is bioaccessible, with Ni being generally more bioaccessible than Cr, despite higher total Cr concentrations. This can be linked to differences between the specific soil phases in which Ni and Cr exist, as shown by CISED results.
Cr appears to be present in soils in phases which are strongly associated with Fe 2 O 3 and MgO, and have an overall oral bioaccessibility of less than 5 %. CISED results indicate that small amounts of Cr are associated with residual pore water salts, carbonates and Al oxides; however, the majority of Cr is associated with iron oxides and clay components, with most bioaccessible Cr present in clay components. In contrast, in addition to the strong controls exerted on Ni BAF by geochemistry variables associated with peat (Palmer et al. 2013) , bioaccessible Ni for both the gastric and gastrointestinal phase was found to be related to all identified soil components, with Ca carbonate and Al oxide components hosting a greater proportion of bioaccessible Ni than was observed with Cr. This combined with the findings of correlation analyses which indicated bioaccessible Ni is associated with a number of more soluble phases suggests that weathering significantly affects nickel bioaccessibility, but does not have the same effect on the bioaccessibility of chromium.
